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FOREWORD

This is the first of three reports now in preparation, which
describe work in the field of thermal conductivity performed jointly
by the Pioneering Research Division and the former Environmental
Protaection Research Division of this Center. The present report
deals with the design, construction, and operation of the appara-“us,
and with the results of measurements made on a standard sample. Most
of this work was performed by the Thermodynamics Laboratory of PRD.

The second report deals with construction and operation of the
automatic control system with which the temperature of the guard ring
of the thermal conductivity apparatus is held st the temperature of
the hot plate. Most of this work was performed by the Biophysics
Branch of EPRD.

The third report deals with experimental measurements made on a
sample of standard underwear matr -ial (50 wool~30 cotton). Effects of
variation in sample temperature, sample density, water content, nature
of the surrounding gas, and pressure of the surrounding gas were
studied, This work was performed jointly by the Biophysies Branch and
the Thermodynamics Laboratory.

The work described ir the second and third reports was supported
in part by the Thermalibri m Suit program.

S, DAVID BATLEY, Ph, D.
Director

Pioneering Research Division

Approved:

DALE H, STELING, Phe D.
Scientific Director
QM Research and Engineering Commaid

MERRILI: L. TRIBE

Brigadier General, USA

Cormmanding

@ Research and Fngineering Command
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ABSTRACT

The design, construction, and operation of a guarded hot-plate
apparatus for measuring thermal conductivity are described, The out-
gtanding feature of the apparatns is its versatility, It has provision
for the evacuation of the sample chamber and the control of pressure
within it. The atmosphere surrounding the sample may be air or any
other desired gas, Sample thickness may be adjusted or measured at any
time without opening the sample chamber, Provision is nade for future
installation of strain gages with which to measure the forie applied to
the sample., Results of measurements made on a standard sample are pre-
sented, and compared with results obtained by the National Bureau of
Standards on the same material, It is believed that the apparatus is
capable of measurements accurate within 1 percent.
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A GUARDED HOT-PLATE APPARATVS
FOR THE MEAS'REMENT OF THERMAL CONDUCTIVITY

1. The apparatus

a, General description

The apparatue is of the guarded hot-plate type. It uses a
single sample, and hau a top shield to prevent heat loss on the side
of the hot plate where there is no sample. The circular hot plate is
surrounded by an annular guard ring that prevents lateral heat flow to
or from the hot plate.

The apparatus vas designed for maximum versatility. It
has provision for controlling the atmosphere surrounding the sample,
by evacuation and if desired by the introduction of some gas other
than air, Water vapor can also be introduced, The sample thickness
can be measured or adjusted a* any time without disturbing the progress
oi the measuremenmts. The design is such that strain pages for measur-
ing the compressive force on the sample could be installed if needed.
The hot plate and guard ring are kert at the same temperature by auto-
matic control.

Figure 1 is a photosraph of the entire apparatus ready for
use. Jt shows the sample chamber installed in tlie water bath, the
control equipment including the poteitismetes and power supply, and the
refrigerating unit., Fipure 2 is a close-up photograph of the sample
chamber after removal from the water bath. Figure 3 is a scale drawing
of the sample chamber, showing ti:e hot-plate assembly and other essen-
tial parts of the apparatns,

The standards adopted by the American Society for Tesiinz
Materials (1) for the construction and use of the guarded hot rlate were
consulted while the apparatus was being designed, but it was apparent
that some deviations from these standards would have to be made if the
apparatus were to be as versatile as desirel.

The unique feature of the apparatus is the provision for
measuring and controlling most of the parameters affecting thermal con-
ductivity while the sample is in place and even while measurements are
in progress, None of the features of the apparatus are new in them-
selves, but the authors are not aivare of anv sthes apparatus that

+

provides the same degree of vereatilicy.

As mentioned in the Foreword, this report is the first of a
group of three rclated papers. Additional information about the aprpara-
tus will Le Found in the second and third reports of the series (2, 3).
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2. Close=up photo of the guarded hot-plate apparatus. The thickness-neasuring

micrometer rests on one of the three tubes at which thickness mecasvrements
were made .
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The sample is conmtained within a gas-tight cylindrical
chamber, the botteom of which forms the cold plate. The circular hot-
plate assembly is comtained within the cylindrical chamber. The
chamber may be opened for inserting or removing a sample by removing
12 bolts. When a sample is in place and the apparatus closed, the
hot-plate assembly is lo=red to make contact with the sample by turning
the hand wheel at the top of the apparatus.

The hot-plate assembly consists of the hot plate proper,
the guard ring, and the top shield., Each of the tusree has its own
separate electrical heating circuit. The power for the hot plate is
furnished by a Sorensen "Nobatron" UC power supply. The automatically-
controlled power for the guvard ring comes from the same source, The
top shield is heated by manually-controlled AC,

Three copper-constantan thermopiles are used. Equality of
temperature between the hot plate and guard ring is maintained with the
aid of a H-power pile, the output of which is fed to an automatic con-
troller, Another 6-power pile is used for the measurement of AT, the
temperature difference across the sample., A 3=-power pile is used in
maintaining the top shield a* il same temperature as that of the hot
plate ard guard ring.

Sample thickness is determined by measuring the positions
ef 3 iron slugs with a differential transiormer that responds to the
magnetic effect of the slugs. The slugs are rigidly fixed with respect
to the hot plate.

The sample chamber is connected to a vacuum system, with
which the gas surrounding the sample can be pumped out. Fresh air or
other pases can be admittea to the sample chamber through another con-
nection.

be Details of construction

Hot-plate assembly. The top shield foims the suppoit for
the hot plate and the guarc ring. Nylon spacers, cut from 1/2-inch
nylon rod, hold the hot plate and guard ring at a fixed distance below
the top shield. TFach spacer has a 1/li~inch diameter threaded projec-
tion on either end, One projection is screwd into a threaded hole in
the hot plate or guard ring; the other passes through 2 hole in the %op
ghield and is held by a nut, There are 3 spacers to hold the hot plate
in place and 3 {0 held the guard ring.

The hot plate and guard ring ver: uaage from a single piece
of 3/B~inch sheet copper. Thie was rirst turned to the outside diameter

&
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of the guard ring (6.569 inches). Then with a pointed lathe tool a
V-shaped circular slot was cut in one face of the plate, so as to
separate the guard ring from the hot plate. The cutting was stopped
just before the two parts were separated, and the groove was filled
with General Electric Glyptal laciquer No. 1201-B. At a later stage in
the construction, after the heaters and thermocouples had been in-
stalled, the plate was fastened to the top shield with the Glyptal
groove toward the shield, The assembly was then mounted in a lathe and
on the exposed side about 0,070 inch of the copper plate was faced
off. In this operation the copper remaining at the base of the Glyptal
groove was cut away and the hot plate and guard ring became separate
parts mounted coaxially, with a ring of Glyptal of trapezoidal cross
section fillinp the space between, At the sur-face that makes contact
with the sample, the space filled with Glyptal has a widiL of 0,018
inch, At the other surface the width is much greater.

The scheme of construction described above worked very well
the first time, but it was necessary to remove the hot plate and guard
ring from the top shield several tines, to rewind heaters, relieve
thermocouple shcius, and the 1tke, After several reassemblies, the hot
plate and guard ring surfaces werc found to be not quite coplanar and
gome straightcuing was required, It might help to use heavier nylon
spacing plugs.

The 5/16-inch space bu'ween the top shield and the hot
plate or guard ring was loosely filled with cotton batting. This re-
duced the injurious effect of small undesired departurcs of the shield
from the desired temperature., It also reduccd the error that might
result from any ncmuniformity of top-shield temperature. The space
above the top shield, between it and the top of the sample chamber, was
also filled with cotton batting during some of the runs, The operation
of the apparatus is also improved by this cotton, but it is not needed
unless the highcst accuracy is involved, and its use undoubtedly delays
the approach to the steady state when the redistribution of waies Toror
is involved,

The diameter of the hot plate, measured to the middle of
the Glyptal spacer, is 3.L82 inches, whence the width of the guard ring
is 1,5Ll inches.

The top shield is a circular brass plate 1/L inch thick,
vith an intepral downward=-projecting 1ip at the periphery thet prevents
any direct radiation from outside the shieid from falling on the hot
plate,

Adjustment ¢l hot-plate position. Rotation of the hand
wheel 2t tiie top of the apparatus causes the supporting shaft to move




up or down and rajces or lowers the hot-plate assembly. A large
Svlphon bellows permits the moiion to be transmitted into the pas-
tipht sample chamber from outcide. At the lower end of the support-
ing shaft is a ball-and-cocket joint throupgh vhich force is transmitted
“rom the rod to the hot-plate assembly. The jJoint housing carries 3
radial sprinp-steel cantilever arms, the outer cnds of which are at-
tazched to the top shield with nylon-pluy spacers.

The object of the ball-and=socket joint is to allow the hot
plate and guard ring to conforn to a sample that may not be distrituted
over the bottom of the sample chamber with complete unifermity (for
example, then rranules, powder, or other loose material is being meas-
ured), It also allows the supporting shaft to rotzte with respect to
the hot-plate assembly., The 3jcint has caused some trouble, hovever,
because it permits the hot-plate assembly to tip when the edge of the
guard ring catches on the wall of the sample chamber, This happens
often enocurh so that it is doubtful whether th~ balleand-socket joint
is worth the trouble it causes,

Provision for force measurement, The three cantilever arms
referred to nbove ore dca.piiea t0 have cirain gages mounted on their
surfaces, with which the force applied to tlic hot-plate assembly can be
measured, This feature of the apparatus has not yet been used,

Sample chambere The co’1 plate forms the hottcm of the
sample chamber, 1t is mace from the same 3/0~inch ~opper sheet that is
used for the hot plate and puard ring. The wall of the chamber is
fermed by a brass tube of 6,70L=ivnch inside dismcter, lined with a layer
of 1/16-1nch cork to rive thermal protection to the edge of the guard
ring. The top of the chamber is formed by a brass plate 3/8 inch thick.
This plate and the cold plate were made thick enough so that the calcu-
lated flexure, with atmospheric pressure outside the sample chamber and
zero pressure inside, does not distort the sample appreciably,

The joint between the top of the chamber and the chamber
wall is sealed by a ncoprene gasket, clamped by 12 bolts that pass
throurh the projecting flanges of the top of the chamber and the cold
plate. The surfaces between which the gasket is clamped have prejecting
ridges as recommended by van Heerden (L). Leaks at the pasket have
given no trouble, although leakc elsewhtic in the apparatus have caused
considerable delay, When the bolts are removed, the sample chambter can
te lowered from its 1id fbr the inscertion or removal of a sample,

Sarple thickness. Three }/2-inch monel tubes project above
the top of the sample chamber. Ome ~f %l.c threc tubes is shown in Fig.
3. The tubes are solder~? inwo holes in the chamber and are closed at
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Fig. 3. Scale drawing of th: gemple Zlamper.
such as clr~trical and vacuum connections, have

een omitted to avoid confusior,

HAND WHEEL— |I !.
; ‘[i }
Al Py
it ¥
[r
i

BELLOWS

; ..... e
B L I SRR BN [ R L T I \JC
T e S T }-f, AR

T3 AT - WO PLATE - COLD ALATE

S roe sete

{RON SLUG

- CANTILEVER

Some details,



the top, forming extunsions of the chamber, Each tube contains a smaller
(1/8-in) moncl tube that carries an iron slug at its upper end and is
ripidly fistened to the top shield at its lower end, The distance of the
slup from the top of the tube in which it is housed is measured with a
difflerential transformer mounted on a micrometer mechanism. The measur-
inr device cun be seen in Fip. 2, where it is sitting on one of the tubes
trat heuse the slugs, in position for making a measurement.,

The two coils of the differential transformer form two arms
of an AC bridge, They are wound side by side on a hollow spool that can
be clipped over any one of the tubes in which the iron slugs are housed.
To deteimine the position of a slug, the spool is slipped over the tube
sontaining it and the micrometer is adjusted until the cutput of the
bridge circuit is at a minimum, At this point the slug has « definite
position approximately midway between the two :‘ndings of the differen-
tial transformer,

Tne three rods carrying slugs are equally spaced on the cire
cumference c¢f the top shie=ld, and amy nonunifermity of sample thickness
is shown by differences in the thre: measurements, Calibratior is re-
guired in order to relate readings of slug height to sample thiclmess,
To calibrate, three steel blocks of known thickness are placed in the
sample space, one just beneath each slupg support. The apparatus is
assembled, the over-2ll dimension of the main sample chamber is meas-
ured near each slug tube with a micromcier, and the position of each
slug is measured with the transformer-micrometer device., The calibra-
tion is valid as long as the space occupied by the ;.cket is nct changed,
But if the clamping bolts are tightened, or if the apparatus is opened
and reassembled, the over-all dimension of the sample chamber must be
remeasured and the calibration datzi revised accordingly.

When a thiclness measurement is made, three deverminations
of the pesition of each slug are made and averaged, The thickness at
the point beneath each of the three slugs is computed and the values are
compared, Assuming them to agree within about 0,010 inch, they are
averaged and the averape accepted as the sample thickness Ax.

Measurements of sample thickness are accurate to about 0,008
inch. The uncertainty in measuring slug position, if several readings
are made, is about half +his amount and could be improved without great
difficulty.

Hot-plate power. The Sorensen power supply (Model E-28-5)
furnishes up to E amperes at any volta;e ‘etween =bcut ¢3 and 31, 1t is
used at 2 fixed setting near the rated vaiuw: of 28 volts, The possibil-
ity of using such a pover Supply rather thai storage batteries was



suggested by the Heat Transfer Section of the National Bureau of Standards.
The power supply is entirely satisfactory and has been a great convenience.

The circuits for controlling and measuring the hot-plate power
are shown in Fig. L. The current is adjusted to the desired value with
the three variable gseries resistors, which give coarse and fine adjustment.
The fixed resistor limits the maximum current to a safe value. The total
current I + 1 is determined from the potential drop across the 1l-omm
standard resistor with a Leeds & Morthrup Type K-3 potentiometer.

-3 HOT PLATE
| HEATER
STD. I— “ ﬁ i -
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g, Ls Hot-plate and guard-ring power circuits, showing means of control
and the arrangement for measuring hot-plate power.




The hot-plate heater winding is of the h-terminal type,
with the current and potential wire branch-points at the plate itself,
so that the measured heat input does not include the heat developed in
the counecting wires. The potential wires are connected to a volt box
with a ratio of 100 to 1, and a total resistance of 15,000 ohms. The
volt box is thus in parallel with the hot-plate heater, and permits
the potential drop E across it to be determined from the potential drop
@, which is small enough to come within the range of the Type K-3 po-
tentiometer, The volt box ratio r = E/e is slightly greater than 100
because of the two connecting wires between the box and the heater.

The current 1 in the volt box is calculated and subtracted
from the total ~wrent to give the current I in the heater. Then the
power supplied to the hot plate is calculated as EI., The resistance
of the hot-plate heater does not appear explicitly in the computations,.
It varies somevhat with temperature,

Guard-rineg power., Power for the guard ring is drawn {rom
the same DC Wit that supplies the hot plate. The circuit is shown in
Fig, L. The "ccld button," »hich 1s useful in manual contrel, is a
normally-closed shorting switch across a l-ohm resistor in the power-
control circuit, “hen depressed, this switch introcduces the l-ohm
resistor into the circuit and reduces the guard-ring power slightly.
Convenient control is obtained if the power is set at a level very
slightly hipher than that required for temperature constancy. Then,
vhenever the pgalvanometer shows the guard ring to be slightly too hot,
the cold button is depressed to bring its temperature down,

Automatic control., Autom:tic control of the guard-ring
power, to maintain it at the same temperature as the hot plate, is per-
formed by a special controller described in the second of the three
reports of this series. A relay actuated by the controller alternately
opens and closes a short across a resistance, and thus produces small
increases and decreases in power., The period of the relay is ahout 5
seconds,

Manual adjustment is made until the intervals of increased
pover and the intervals of lower power are each about 2 1/2 seconds
lons. “hen more power is required, the antem~tic controller increasac
the length of the intervals of higher power, and correspondingly de-
creases the intorvals of slightly lowcr power, The sizc of the resistor
that is periodically shorted by the rnlay cm be varied from 10C chms
down to 0.1 ohm,

A large resistanrce, causing a large change in power when
the relay is aetuartiid, 1s anpropriate when the steady state has not yet
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been reached, A small resistance is desirahle after the steady state
is reached, so that the opening and closing of the relay will not
cause large temperature oscillations of the guard ring. A value of
0.5 ohm is satisfactory in the steady state. With this value the
tendency to lose control is not troublesome, and yet the temperature
oscillations can hardly be obsarved.

The relative lengths of the intervals of higher and lower
power are varied continuously by the controller to correspond to the
size of the temperature-error signal, and, since the period of the
intervals is quite small compared to the response time of the guard
ring, proportional control is obtained.

Top-shield power. Figure 5 shows the top-shield power
circuit. The EI;-VOI:E EC supply is reduced to about 50 volts by the
first Variac autotransformer. Fine adjustment is obtained with the
second Variac and still finer adjustment with a 3-ohm variable re-
sistor. A "cold button" is included, which when depressed completely
opens the circuit.

Cold
Button
Top Shield Heoter

! ‘ 3 A
d{-—

)]

o 4
L L[;E 7

Variac Voariac

Fige. 5. Top-shield power circnit, showing means of control,

Operation might be improved if the top-shield pouwer were
taken from the same DC supply uscd for the hot plate and guard ring,
but rewinding of the top-shield hcater wuuld be required, which up to
the present has not been considered justified,

Tempevaiure difference, There are three thermocouple
systems used In the system of temperature control and measurement.
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These systems are shown schematically in Fig. 6. This fipure also shews
the locationg of all the junctions that are placed on the hot plate or
puard ring. One of the three thermocouple systems it used to determine
the temperature differerce (£ T) existing across the sample. This
syotem is a G-power copier=constantan thermopile with one set of junc-
tions irmersed in the water bath and the other set imbedded in the
suard ring.  In principle it would be better to imbed the Junctinns in
the hot plate itself but this would require mere wires to terminate on
the hot rlate, with a greater chance of undesired heat conduction.
Therefore the puard ring is used as a reference and other temperatures
are measured by corparison with its temperature.

The output of the thermopile is measured with the Type K-3
potentioneter, and divided by 6 to get the output per couple. The
temperature of the water bath is measured with a mercury-in-glass
tnermometer. Interine the temperature-emf table of the thermocouple
at this temperature, and going upvard by the amount of the observed emf,
‘the temperature of the suard ring is found, and the hot-plate tcmpora-
ture is taken to be equal to it.

The cold-platc temperature is taken to be equal to the water-
bath temperature, A correction could be made for the temperzture drop
through the cold plate, but for the measurements made thus far the
correction is small enough to be neglected., A small teaperature drop
between the cold plate and the bath i~ to be expected, but the bath was
vigorously stirred in order to keep this drop negligible.

Thormopile between hot nlate and gusr ring. A second 6-
power copper=constantan thermopile permits equality of temperature to
be maintained between the hot plate and the guard ring. The pile is
connected to a Leeds & Yorthrup Model 21,30-A galvanometer and to a
Brown Electronik lodel 104 % null detector. The two detecting instru-
ments are in parallel., In the null detector the thermocouple voltage
is chopped, amplified, detected, and passed through a zero-center in-
dicating meter. The meter current is used to actuate the magnetic
amplifier of the automatic control system.

The salvanometer is used principally for establishinpg the
zero point at which the thermopile emf 1s zero., The galvanometer has
a sensitivity of 2 mm per microvolt. “hcn the control is functionirg
properly, the movement of the palvanometer spot is hardly detecectable,

Thermopile between top shicvid and gjunrd ringe & 3=power
copper=constantan thermopile cormpares the temperatm‘e'-—vf the top shield
with that of the guard ring. The enf »f Llil> pile is observed on a
second Model 2);30-A galvan~mcicr, and is held at zero by manual control

12




*139T

. 78 usous fa fHura prend AU3 U0 PEROT g7 uxyslis Yoms JO gaoTgommf 13 358
cmaeredde aypy jo swansis sTdnosouLIsia aagl Jy3 Jo wefsegdatardar appRUAIRE *q *314

0 HIALIWONYATYD
\.., 9-:::.3

HILIWOILNILOM g +I|Jf£fLuxx
/@u\-. aevng

HYLHNYLENOD ==~= aMid QHVND

H3dd0) ——

HILIWONYATIYD ot .._..ul | LO0M -
.Fﬂ..
Il/T\l 9
-
OMIY dLvd
gdYneg LOH

SN3L1SAS 3I1dNCIOWHIHIL

oMY AQ73IHE

dOL

15




of the power supplied,

Method of attaching thermocouples, To attach the thermo-
couples to the hot plate, guard ring, and top shield, holes were drilled
into these parts, and the junctions were cemented into them with
"Pochnical G Copper Cement" obtained from the W. V, =B, Ames Company and
used as directed. (See also Baker, Ryder, and Baker {5).) The thermo~
couples were of AWG 30 nylon-insulated wire and the junctions were
fitted loosely in the holes before they were cemented, The cement is
electrically insulating, but care is necessary to avoid contact between
the junction and the walls of the hule., It was helpful to coat the
Junctions with a layer of copper cement, let it harden, and apply a
coat of clear insulating varnish to the junctions before inserting them.
The holes in the hot plate and guard ring were drilled from the top
nearly to the bottom, o that the junctions would be a3 near as possible
to the lower surface.

Method of installing heaters, Suitable circular grooves
were cut in The upper surlaces of the hot plate, guard ring, and top
shield to receive the various wcater windings., The side of each groove
nezrest the axis is vertical and has a mmall 1lip at the top so that the
windings will not slip out. As shown in Fig. 3, the hot plate contains
two grooves, the guard ring one groove, and the top shicld three.

The hot-plate heater is of AWG 32 glass-insulated Advance
wire (L.76 ohms per ft). The radia) distances of the grooves fram the
center of the plate, and the mmber of chms wonmd into each groove
were computed to give a high degree of hot-plate temperature uniformity,
The windings in the two grooves are connected in series.

The guard-ring and top~shield heaters are of the same AWG
32 Advance wire as that used for the hot-plate heater. The windings in
the three grooves of the top shield were series-connected. A1l windings
were coated with lacquer to help hold them in place and to promoto heat
tran;fer. The resistances of the various heaters are shown in Figs. 4
and 5,

Electrizal connecting wires, The wires with which the
thermocouples and heaters are connected wiih ithe external equipment
are brought approximately to the temperature of the hot plate before
any of them make contact with the hot plate or the guard ring, The
connecting wires enter the sample chamber uiirough a metal tube with an
Apiezon wax seal at the upper end,

Within the samnYe chamber the connecting wires are bound
together in a2 cable. Some wires leave the cable to connect to the
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top-shicld heater and (when needed) to connect to the strain gages,
The other wires enter the space between the top shield and the guard
ring through 2 slot cut in the downward-projecting 1lip of the top
shield. They are then vound for one turn on a temperirns groove cut
for the purpose in the lower side of the top shield., Thermal contact
with the top shield is promoted by coating the wires with Glyptal
lacaquer. From the tempering groove the wires run to the various
heaters and themmocouple junctions where they are needed.

For testinp the efficacy of the tempering there are two
thermocouples on the cable of connecting wires: one before it
passes around the tempering groove, the other after it passes around
the tempering zronve, There is also a heater wrapped on the cable,
with which the first thermmocouple can be brought to the desired tem-
perature of the hot-plate assembly. A few runs were mace using the
heater and observing the two thermocouplee, but unless unusual
accuracy is required this is unnecessary, It is probable that the
tempering groove is long enovwrh but that the wires preduce a slightly
colder region on tho itup snield where the wires first come in contact
with it.

As shown schematically in Fig. 6, the thermopile with
which AT i3 measured requires / copper and 6 constanten wires, running
from the guard ring to the water bath that establishes the cold-plate
temperature. These wires run from the guard ring to the tempering
ring on the top shield, pass through the =lot in the top shield, and
then are bonnd intn a separate cable, Thic cable dees not leave the
sample chamber with the wiree that run to the measuring equipment, but
runs to a separate exit tube. Thils tube is bent into an inverted U so
that after leaving the top of the sample chamber it turns dewmward to
enter the water bath, The submerged end of the tube is closed, so
that the tube is in effect a gas-tipght extension of the sample chamber.
The cold junctions are located near the closed end of the itube, im-
bedded in paraffin to improve thermal contact with the water bath. The
tube is moderately flexible, and when measurements are being made it is
bent so that the end containing the junctions i5 near and slightly
telow the cold plate. Some trouble was experienced in making the final
soldered jJoint in the tube containing twie thermopile. The themmocouple
wires were nylon-insulated, and the soldering operation sometimes
melted the insulation and caused the wires to short. Cotton insulation
would probably be more practical in this particular application.

Water bath, Thc water t.ih an which the lower part of the

sample chamber Is i-m-i.cu is a commercial thermostated, stirred bath.
The cylindrical glaza tank has an inside diameter of about 15 inches
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and a depth of about 12 inches. Bath temperature oscillates by perhaps
0.1° § with the thermostating eycle, but the average temperature re-
mains quite steady., When the hirhest accuracy is desired, the cycle of
temperature control is analyzed, and 4 T is read just as the bath
temperature passes through its azvcrage value. Note that the bath tem-
peraiure need not be known with great accuracy provided it remains
constant,

Refrigerating unit, The water bath in which the cold
plate of the apparatus ls lmmersed must be run at a temperature of
about 95 F (35° ¢) in order to dissipate all heat to its surrourdings
without artificial cooling. In order to be able to work at cold-plate
temperatures below 95° F, a laboratary refrigerating unit is used.

This unit cools a built-in tank of stirred liquid (water and antifreeze).
It has an auwvdiliary pymp, which pumps cold liquid from the tank through
a copper coil immersed in the water bath and then returns it to the

tank of the refrigerating unit. A slight excess of cooling is supplied
to the water bath, so that Its thermostatic control can operate in the
usual way.

The use of *he laboratory refrigerating unit makes it
possible to operate the apparatus with the cold-plate temperature as
low as 1AV F (50 C)., The highest cold-plate temperature so far used
is about 1000 F (37.8° ), but considerably higher values should be
attainable. A cold-plate temperature of 71.6° F (229 C) has been used
for a larpe proportion of the measurements made thus far,

Control of pas in sample chamber. The s=ample chamber is
cornected to a vacuum system which can reduce the pressure below
atmospheric as desired; the chamber can also be completely evacuated,
Resides the line leadinrs to the vacuum system there is a second line
throush which pases may be admitted to the sample chamber, The use of
two lines permits the chamber to be continuocusly flushed when a new
gas is introduced.

Two lines are also useful when gas has to be pumped cff
continuously, a situation that can occur vhen one is measuring a sample
that rives off gas by desorption. By attaching the pressure gage to
one line and the vacuum mmp to the other, the true pressure in the
chamber can be read without including any error resulting from the drop
in tne pumping line,

Pressures lower than 1 mm .y are re 2 wiwn a Stokes (McLeod)

gage, pressures between 1 and &0 rui [y with an 031 manometer, and
pressures above 50 mm !y with a mercury manometer,
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¢. Operating procedure

A 1in requires one working dey. The sample is installed
and the cold plate is immersed in the water bath before the day of
the run. The approach to the steady state is begun early in the
morning on the day of the run, by turning on the hot-plate, guard-
ring, and top-shield heaters, the water-bath thermostatic control,
and the laboratory refrigerating unit,

The hot and cold plates are brought as quickly as prac-
ticable to the desired temperatures, usually with a temperature
difference of about L0O F (22,20 C) between the two plates, In
several runs this temperature difference (A T) was initially brought
to a value about 6 percent higher than the value at which measure-
ments were to be made, It was held at this higher value for about
L5 minutes; then it was dropped to the desired value by lowering the
hot-plate temperature. This procedure hastens the approach to the
steady state,

After the hot and cold plates and the top shield have
reached the neighborhood of their desired operating temperature, a
period of the run begins in vhich A T is held constant, or nearly
so, by adjusting the hot~plate p-wer. The guard ring is held auto-
matically, and the top shield manually, at the same temperature as
the hot plate. The changes required in hot-plate power gradually
diminish as the steady state is approached-

At about 3 hours after the run is started, the adjustment
of hot-plate power is discontinued, and the rating period begins, It
is unwise to change the power input during this period, because the
changes in power may make it difficult to recognize when the steady
state has been reached., The rating period is continued to tha end of
the day, and measurements of the thermal conductivity are made at s0-
minute intervals, At some convenient time during the run,sample
thickness is measured, The pressure in the sample chamber is also
read and recorded, unless the run is being made at atmospheric pres-
sure,

The ASTH standard for guarded hot plates (1) requires
that "tests shall be contiriued...until successive observations made
at intervals not greater than 1 hour, over a pe=riod of 5 hours, give
thermal conductivity values that are constant to within 1 percent.”
Inspection of the results of savera' ruw convinced us that for our
apparatus the S-hour ne-..J was unnecessarily long. The criteria
adnpted for an acceptable set of data are given below:
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(1) Retained readings (a "reading" is any one of the
‘hermal-conductivity values observed during the rating period) must
form a continuous group covering the time interval from the first
scceptable reading to the last reading of the day. No reading made
within this time interval may be excluded. The retained readings are
averaged to give the thermal cenductivity value,

(2) The accepted set of readings must contain no value
that is more than 1 percent larger than the smallest.

(3) The accepted set of readings must vover a period
of at least 3 hours. FExceptionz to tiis 1ule may be made after due
study, but must be noted when the data are reported.

(L) If the data cover a period of 5 hours or more, all
readings in the last S hours will be used and no more.

2, Method of computing thermal conductivity

The thermal conductivity k ia computed from the usual formula
X A
AT/Ax
vhereina is the power supplied to the hot-plate hezter, A is the ef-
fective arez of the hot plate (9.52 in.% = 61.L3 am2), AT is the

temperature difference between the two faces of the sample, and 4 x it
the sample thickness.

The value of Q obtained from the potentiometer readingsis in abso-
lute watts. For conversion to Btu per hour this value is mmltiplied bty
3.l1lli. When the value of k in engineering units (Btu in/°F £1°::) has
been found, it may be multiplied by the factor 3.4LL8 x 10-U4 to convert
it to scientific units (cal on/OC emZsec),

3. Measurements on an NBS-calibrated material

A fibrous glass insulating board svid under the trade name of
Aerocor has been adopted as a standard sample to be used for chunking
the apparatus, The National Bureau of Standards suggested the use of
insulating board of this composition, and a spacimen was sent to NBES
for measurement of its theimal conduntivity.

A numbar of runs wer; made in our laboratary on this material,
and thc results of a typical run are given in the following tabulation:
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Run 25 (this laboratary)

Density, as tected, 1b/ft3 Gel?
Thickness, as tested, inch 0.96L
Thermal conductivity, Btu ind/OF ft2hr 0.233
Mean temperature of specimen, °F 115.0
Temperature pradient in aspecimen, °F/inch L1.5

For comparison, the test results obtained at the National Bureau
of Standards on the sample that we submitted to them are given below.
This sample was of the same material as that used in Run 25 but was
not, part of the same shipment from the manufacturer, The NBES report
is dated 22 May 1959,

NBS Report
Test No. HC51559 HCS1685%
Density, as tested, 1b/ft’ 6.18 6.8
Thickness, as tested, inch 0,558 0,559
Thermal conductivity, Btu/hr ££2 (OF/inch) 0.239 0,21
Mean temperature of specimens, °F 125.5 69.0
Temp. gradient in specimens, F/inch 61,4 61,9

For a more direct comparison between our results and those of the
NBS report, it 1s necessary to interpolate between the two mean temper-
atures of the NBS report, to obtain a value at 115.0 OF, Linear
interpolation may be expected to be adequate and ylelds a theridl con-
ductivity of 0,234 as compared with our value of 0,233, The difference
i3 less than 1/2 percent, but such good agreemsnt must be assumed to be
partly fortuitous, The density of the sample measured at NBS wes 20
percent greater than the density of owr sample, which could in itself
account for a difference in results of as much as 2 percent., It is
plamned to repeat the comparison using a sample froa the same batt
that the NBS-calibrated sample wus *zihon tfrom.

An accuracy of 1 percent in thermalwconductivity measurement is

adequate for our rresent and anticipated experimental programs, Re-
sults obtained thus far indicate that this accuracy is obtainable,
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